Fusarium species are pathogens, endophytes, and saprobes. Until recently, Fusarium species from Indonesia were mainly determined using morphology. In this study, molecular phylogenetic analysis of the Fusarium species complex in Indonesia, based on ITS rDNA sequence data, was carried out in order to analyze relationships among the Fusarium strains from different lifestyles. Strains isolated from plants, soil, litter, and other sources were used.
Introduction
Fusarium species are endophytes, saprobes, and pathogens to plants, animals, and humans. Plant pathogenic and endophytic fusaria have been reported associated with a wide range of plants (Summerbell & Schroers 2002 , Schroers et al. 2004 , 2009 . Pathogenic Fusarium species have also been recorded infecting several animals such as insects and nematodes (O'Donnell et al. 2012) , while saprobic species are distributed in soil, humus, and decayed wood worldwide (Schroers et al. 2009 , Silvestro et al. 2013 .
The genus Fusarium was described by Link in 1809, and sanctioned by Fries in 1821 (Aoki et al. 2014 ). Similar to other fungal genera, the basic identification of Fusarium until end of 1980's was morphological based (Aoki et al. 2014) . Taxonomy and identification of species belonging to Fusarium have been shifting from morphology based to molecular based approach (Baayen et al. 2001 , Geiser et al. 2004 , O'Donnell et al. 2008 , 2012 . It was due to rapid development in fungal DNA extraction and the polymerase chain reaction (PCR) techniques which allowed rapid molecular identification of many fungal genera, including Fusarium (Oechsler et al. 2009 ). It was predicted that about 300 phylogenetically distinct species of Fusarium would exist, based on the molecular phylogenetic approach, however, most of them have yet to be described (Aoki et al. 2014) .
Among many gene regions, the internal transcribed spacer (ITS) region is considered as a universal genetic marker for fungi, and it has the highest probability of successful identification for fungi using molecular approach (Schoch et al. 2012) . Evaluation of 18S rDNA gene, ITS1, 5.8S rDNA, 28S rDNA, β-tubulin gene, and aminoadipate reductase gene (lys2) for inter-species identification of Fusarium showed that ratio of substitution rate of ITS1 regions is only lower than lys2 gene and the percentages of inter-species nucleotide sequence homology ranged from 65-100% (Watanabe et al. 2011) . This indicated that ITS region is still valuable in identification majority of Fusarium species, however, the ITS region provides low resolution in revealing Fusarium members within species complexes. Until a new gene region is determined as a suitable marker for the identification of fungi, in particular Fusarium, utilization of sequence from the ITS region for diversity studies is preferred.
In the last five years, identification and diversity studies of Fusarium in Indonesia has moved from morphology to molecular approach (Pinaria et al. 2010 , Jumjunidang et al. 2012 , Nugroho et al. 2013 , Nurbaya et al. 2014 . However, information regarding species diversity of Fusarium from these studies has been confusing and possibly inaccurate due to the molecular identification approach used in most studies from Indonesia, which heavily relied on BLAST search results, without knowing the reliability of the data for Fusarium sequences available at GenBank (http://www.ncbi.nlm.nih.gov). It was noted that about 20% of the fungal sequence entries in GenBank may be incorrectly identified (Nilsson et al. 2006) , therefore, screening for the reliability of sequence data retrieved from GenBank and other fungal databases for molecular phylogenetic analysis is very important. It was recommended to use Fusarium-ID (http://isolate.fusariumdb.org/index.php) and Fusarium MLST (http://www.cbs.knaw.nl/ fusarium/) as sources of nucleotide sequences for molecular identification of Fusarium species (Aoki et al. 2014) . In this study, diversity and phylogenetic relationship of Fusarium from Indonesia deposited at IPBCC (IPB Culture Collection) is elucidated using phylogenetic analysis based on nucleotide sequences generated from the ITS rDNA region.
Materials & Methods

Source of Fusarium isolates
The information regarding Fusarium isolates in this study is shown in Table 1 . All strains were obtained from Bogor Agricultural University Culture Collection (IPBCC), Bogor, Indonesia.
DNA extraction, PCR amplification and sequencing
Isolates were re-cultured in potato dextrose broth (PDB) (Difco, USA) for 5 days at room temperature on a rotary shaker. Mycelium was harvested, air-dried, and freeze-dried in liquid nitrogen, and total genomic DNA was extracted according to the SDS method (Raeder & Broda 1985) with minor modification. In the PCR reaction, the primer set of ITS5 (forward) (5'-GGAAGTAAAAGTCGTAACAAGG-3') and ITS4 (reverse) (5'-TCCTCCGCTTATTGA-TAT-3') (White et al. 1990 ) was used to amplify the ITS region including 5.8S rDNA. The 30 µL PCR mixture contained 1.2 µL DNA template, 3 µL Dream Taq Buffer (including MgCl2) (Thermo Scientific, USA), 3 µL 2 mM dNTP (Thermo Scientific, USA), 0.6 µL each 10 pmol primer (ITS5 and ITS4) (Thermo Scientific, USA), 0.75 µL Dream Taq polymerase (Thermo Scientific, USA), and 20.85 µL ddH2O. PCR condition in the thermocycler was set as follows: pre-denaturation at 94°C for 5 min, 30 cycles of denaturation at 94°C for 30 s, annealing at 52°C for 30 s, extension at 72°C for 30 s, and a final extension at 72°C for 7 min. All PCR results were further visualized using UV transilluminator after electrophoresis through a 1% agarose gel and ethidium bromide staining. A 1-kb molecular weight ladder (Thermo Scientific, USA) was included in each run. PCR products were sent to 1 st BASE (Malaysia) for sequencing. Phylogenetic analysis DNA sequence generated from the ITS region was edited using ChromasPro version 1.7.7 (Technelysium, Australia). Multiple alignments were carried out in MEGA6 (Molecular Evolutionary Genetics Analysis Version 6.0) (Tamura et al. 2013 ) involving 41 nucleotide sequences from this study and sequences retrieved from GenBank (http://www.ncbi.nlm.nih.gov). The reliability of sequence data retrieved from GenBank was checked by comparing with data from Fusarium-ID (http://isolate.fusariumdb.org/index.php) and Fusarium MLST (http://www.cbs.knaw.nl/fusarium/). Sequence of Hypocrea lixii strain CBS 226.95 was used as outgroup (GenBank accession no. AF057606). The phylogenetic analysis was conducted using the maximum likelihood (ML) method in MEGA6. All parameter was set according to default program. The strength of the internal branches of the phylogenetic tree in ML analysis was tested with bootstrap (BS) analysis using 1000 replications. BS values of 50% or higher are shown.
Results
The alignment data matrix for ML analysis consisted of 89 sequences (including outgroup). Kimura-two parameter model with Gamma distribution was selected as the best DNA model of substitution in ML analysis for this dataset. The ITS tree showed that Fusarium sequences from this study belong to five distinct monophyletic clades represented species complexes, viz. F. graminearum species complex (FGSC) (BS=99%), F. tricinctum species complex (FTSC) (BS=99%), F. decemcellulare species complex (FDSC) (BS=100%), F. solani species complex (FSSC) (BS=98%), and F. oxysporum species complex (FOSC) (BS=60%). Another clade, FFSC was determined here as polyphyletic (Fig. 1) .
ITS can be used for determination of species within FDSC, FGSC, FOSC, and FSSC, but not in FFSC and FTSC (Table 1) The tree also showed that Fusarium species with saprobe, endophyte, and pathogen lifestyles intermingled with each other in FGSC, FOSC, and FSSC clades (Fig. 1) . Seed-borne Fusarium sequence from Solanum melongena nested in the same clade (FDSC), and additional sequences from seed-borne Fusarium are necessary to resolve whether this group of Fusarium is distinct from the Fusarium species with saprobe, endophyte, or pathogen lifestyle.
Discussion
Identifications of Fusarium in Indonesia using a molecular approach were reported by several authors in the last five years (Pinaria et al. 2010 , Nugroho et al. 2013 , Nurbaya et al. 2014 , however, a phylogenetic study of the Fusarium species from Indonesia has not been carried out. This study showed the ITS rDNA sequence is still appropriate in determination of some Fusarium species, these include F. cerealis, F. decemcellulare, F. oxysporum, and F. solani. The ITS region offers a less complex tree, more efficient, low cost, and effective work (O'Donnell et al. 2008) . Close related species such as F. verticillioides and F. proliferatum could also be differentiated based on sequence from the ITS region (Visentin et al. 2009 ). Fig. 1 -Maximum Likelihood phylogenetic tree for Fusarium species from Indonesia based on complete ITS ribosomal DNA sequence. Number over branches represents bootstrap support value from 1000 replicates (≥50%). Bold characters represent strain used in this study. FDSC (F. decemcellulare species complex), FFSC (F. fujikuroi species complex), FGSC (F. graminearum species complex), FOSC (F. oxysporum species complex), FSSC (F. solani species complex), FTSC (F. tricinctum species complex).
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However, this region is not sufficient to discriminate other members of F. fujikuroi complex such as F. verticillioides with F. subglutinans (O'Donnell & Cigelnik 1997) , or F. fujikuroi with F. proliferatum (Waalwijk et al. 1996) . Least informative or low nucleotide sequence variation of the ITS region to clearly determine several species complex was also previously stated (Oechsler et al. 2009 , Wang et al. 2011 ). This information suggested that researchers have to be careful during interpretation of the phylogenetic tree generated from ITS sequences (Cheng et al. 2008 , O'Donnell et al. 2008 .
This study showed that Fusarium sequences from different hosts or sources nested in the same species complex as shown in FOSC and FSSC clades. A wide host range in FOSC (Laurence et al. 2014) and FSSC (Suga et al. 2000) has been noted. The FOSC and FSSC are complex species which contain multiple morphologically cryptic species, and nucleotide sequence variation from the ITS region is not sufficient in differentiating the cryptic species within these species complexes. Genealogical Concordance Phylogenetic Species Recognition (GCPSR) concept using multigene approach from coding and non-coding region is considered best for the discrimination of species within FOSC and FSSC species complexes (Short et al. 2013 , Laurence et al. 2014 .
Species complexes in Fusarium may have different lifestyle. For example, the FOSC clade (n=16) composed of endophytic sequences from Aquilaria and Cinchona tree (n=9), pathogen of C. sativus (n=1), saprobes from plant litter, insect nest, and soil (n=6). The FSSC clade contains less diverse sources such as endophytes of Aquilaria (n=8), pathogen from unknown source (n=1), and saprobes in litter and soil (n=4). The FGSC clade (n=3) was also composed of endophytic (n=2) and saprobic (n=1). In the FTSC clade, Fusarium strains (n=2) were saprobe and unknown source. Further, a single species of Fusarium may have different lifestyle as endophytes, pathogens, and saprobes. The spectrum of the Fusarium species complex may also differ in several respects. FOSC which is the most common species complex, has been reported to be saprobe, endophyte, and pathogen. Member of FOSC and FSSC have not been reported to be seed-borne, while all member of FDSC were seed-borne on S. melongena. Although most fusaria included in the present study have not been reported to cause infections in human and animal, some human pathogenic fusaria have been reported (Summerbell & Schroers 2002 , O'Donnell et al. 2008 , Oechsler et al. 2009 , Schroers et al. 2009 , Wang et al. 2011 . Fusarium coccophilum, which was recorded by O'Donnell et al. (2012) to associate with scale insect in Indonesia, has not been found in the present study.
Studies on molecular phylogenetic analysis of Fusarium species from several genetic loci have been done by many investigators, viz. F. redolens and F. hostae (mtSSU rDNA and EF-1α) (Baayen et al. 2001), F. oxysporum and F. commune (ITS, mtSSU, and EF-1α) (Stewart et al. 2006) , FSSC and FTSC (ITS, LSU, EF-1α, and RPB2) (O'Donnell et al. 2008) , FIESC and FCSC (EF-1α, RPB2, ITS+LSU, CAM) (O'Donnell et al. 2009 ), FDSC (β-tub, ITS, LSU, and EF-1α) (Schroers et al. 2009 ), and FTSC, FIESC, FSAMSC, FOSC, GFSC, FSSC, FDSC (ITS, LSU, IGS, mtSSU, EF-1α, CAM, and RPB2) (Wang et al. 2011) . Among the seven loci studied by Wang et al. (2011) , the ITS, mtSSU, and LSU rRNA genes were least informative. For the identification of human pathogenic fusaria to species level, gene regions of EF-1α, RPB1, and RPB2 were suggested (O'Donnell et al. 2010) . Recently, 22 species complexes were recognized for agriculture and medical Fusaria by using RPB1 and RPB2 (O'Donnell et al. 2013) . To identify to at least the species complex level, EF-1α was very capable to assign the strain due to high sequence similarity for the known Fusarium species in the Fusarium-ID database. Wang et al. (2011) suggested the IGS was the most informative locus to differentiate Fusarium strains, while RPB2 was less discriminatory than the IGS and the EF-1α gene. Another gene region such as aminoadipate reductase gene (lys2) was also proposed as a suitable marker for the identification of Fusarium members (Watanabe et al. 2011 , Watanabe 2013 . In fact, each of proposed genes from Fusarium genome has possibly unique evolutionary history (Watanabe et al. 2011) .
